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ABSTRACT
Star-shaped gold nano-particles with sharp spikes, Au nanorods, and silver nanocubes are
considered as plasmonic particles. We investigate the plasmon resonances of an individual gold
nanostar coupled to a gold film, separated by a dielectric layer. Through dark field scattering
measurements of many individual nanostars, a statistical observation of the scattered spectra is
obtained and compared with extensive simulation data to reveal the origins of the resonant peaks.
We observe that an individual nanostar on a flat gold film can result in a resonant spectrum
with single, double or multiple peaks. Further, these resonant peaks are strongly polarized under
white light illumination. Results of plasmonic resonances of single nanorods and nanocubes on a
gold film and a glass slide are also presented. Our results demonstrate a simple method to create
an ultrasmall mode volume plasmonic platform which could be useful for applications in sensing
or enhanced light-matter interactions.
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1. INTRODUCTION
1.1 Physical concepts
1.1.1 Nanoparticles
Nanoparticles are known as the particles which appear on a nanometer scale, between 1nm100nm in at least one dimension. They have physical properties like uniformity, conductance, and
also optical properties such as linear absorption and photoluminescence emission that make them
favorable in materials science, biology and optics. Nanoparticles exhibit an enhanced interaction
with light as well as nonlinear optical properties due to the quantum confinement effect. Due to
their different sizes, they can be classified into different types.
Metal nanoparticles, semiconductor nanoparticles, polymeric nanoparticles, etc. are some of
the examples for nanoparticles. Nanoparticles are not bulk materials nor atomic or molecular
structures. To produce nanoparticles, specific synthesis processes are needed. Indeed, the
properties of the materials change when their size approaches to the nanometer scale. Electron
confinement and quantum effect are significant as well as their exotic physical and optical
properties [1].
1.1.2 Metal nanoparticles
During the last decade scientists have paid a lot of attention to the nano- chemistry and physics
which for most part is dealing with the metal and semiconductor nanostructures. These materials
can be considered as the basic structures for optical and electronic devices. The nanoscale systems
like metal particles are such good candidates of this aim due to their optical and electronic
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properties. The most interesting aspect of the metal nanoparticles is, they exhibit strong plasmon
resonance in the visible spectrum and they can be synthesized chemically.
Although the spectra of metal structures can be studied through the quantum mechanics,
classical free-electron theory and electrostatic models would be sufficient sources of studying
plasmon resonances of metal nanoparticles. Not only the plasmon resonance extinction maximum
is dependent to the composition of a metal particle, but also changing the shape and orientation of
the incident field can shift the plasmon resonance maximum dramatically.
Therefore, the linear optical properties of the metal nanoparticles can be dynamically changed
without changing the chemical composition. On the other hand, the optical properties of the metal
structures can also be controlled by modifying their chemical composition. In the case of electrical
properties electron exchange and surface charging processes can be studied using classical
charging expressions and RC circuit resources. Similarly, in this case a quantum mechanical
approach is not needed to study the electron transport properties.
Therefore, knowing some basic information about the size and the dielectric properties of the
metal nanoparticle is helpful to understand the electrical properties of these nanoparticles. The
above explanation does not mean that the optical and electronic properties of metal nanoparticles
are well understood. For instance, the linear optical properties of metal nanoparticles are highly
dependent on the particle geometry and can be engineered to obtain new phenomena. Further, the
best shape and size of a metal nanoparticle for surface enhanced Raman Spectroscopy (SERS) is
still controversial. Over many years, there has been a lot of research effort on the preparation,
characterization, and application of metal nanoparticles [2]–[4] and this has triggered a greater
interest from the emerging field of plasmonics[5]–[8]. There has been an intensive study regarding
synthesis of metal nanoparticles which is shifting from spherical or simple monolithic entities to
2

complex shaped and branched particles[4], [9]. New shape dependent properties that arise from
different complex nano-forms is an effective way for tuning the optical properties of plasmonic
nanoparticles such as gold and silver.
These nanoparticles are very good candidates for various applications including SERS,
sensors, biological application, near-field optical microscopy, etc [10]. In addition to the
composition of the nanoparticles, localized surface plasmon resonance (LSPR) characteristics like
linewidth, peak position, etc. are depending on changes in the particle shape, size, and the
surrounding medium. Klar et al. [11] have presented several reports of single nanoparticle
measurements in the past years. Mock et al. [12] and Jin et al. [13] also have studied single particle
LSPR on spherical, triangular prism, and pentagonal shapes.
They observed that scattering peaks of silver nanoparticles are red-shift by increasing the
particle size, and blue shift by the rounding or truncation of the triangular shaped particles. Nehl
et al. [14] demonstrated that by using dark-field microscopy, individual Au nanoparticles with size
of about 100nm, can support multiple plasmon resonances. This result in polarization-dependent
multi-resonant scattering that is highly sensitive to the local dielectric environment. Wang et al.
[15] studied the plasmon resonances of bimetallic particles and showed that these plasmon
resonances are broader than those of pure silver and gold nanoparticles. The borad plasmon
resonance is due to the frequency dependence of the dielectric functions of the particles.
1.1.3 Gold nanoparticles
One of the well-known metal nanoparticles is the gold nanoparticle, which absorbs and
scatters light very efficient. Gold nanoparticles have a strong interaction with light in the visible
frequency due to the existence of the conduction electrons. These conduction electrons on the
metal surface experience a collective oscillation when they are excited by light at a specific
3

wavelength. The oscillation is referred as the surface plasmon resonance (SPR). The SPR results
in high absorption and scattering intensity for Au nanoparticles. The absorption and scattering
properties of the Au nanoparticles are tunable by controlling the particle size, shape, and the local
refractive index close to the particle surface.
Further, nanoparticles regardless of their chemical constituents have high surface area to
volume ratio, and therefore many physical properties of the nanoparticles such as stability and
light absorption are dominated by the nature of the nanoparticle surface. The actual properties of
Au are different at the nanoscale. For instance, the plasmon resonance of spherical gold
nanoparticles results in the particle’s exceptional ability to scatter visible light. The opticalelectronic properties of gold nanoparticles are widely investigated for use in high-tech applications
such as electronic devices, photovoltaics, sensory probes, drug delivery in biological and medical
applications and catalysis. The surface plasmon resonance is highly dependent to the gold
nanoparticle size. Particles with sizes more than 100nm have broader resonances due to the
presence of both transversal and longitudinal surface plasmon resonances.
The surface plasmon resonance can easily be tuned to give absorption maxima from around
500 nm into near-infrared of the spectrum base on the shape of the gold nanoparticle. For example,
for gold nanorods the adsorption maximum is in the near-infrared region. Indeed, Au nanoparticles
exhibit shining colors, which is due to the intense light absorption and scattering. The collective
oscillations of the conduction electrons at the surface of Au nanoparticles at a specific incident
light wavelength is called the localized surface plasmon resonance (LSPR) [16].
1.1.4 Surface plasmon resonance
Resonant oscillation of conduction electrons at the surface of a metal that is stimulated by the
incident light is called surface plasmon resonance (SPR). The mechanism would be an
4

electromagnetic surface wave that propagates in dielectric/material interface. The condition for
exciting surface plasmons is corresponding momentum for the incident light and the plasmon [17].
The interaction of surface plasmon wave and a metal nanoparticle can cause propagated light and
it is detectable behind the metal film from different directions. Surface plasmon can be used to
enhance the spectroscopic measurements such as Raman scattering, fluorescence, and second
harmonic generation. When a metal nanoparticle is excited at its resonance wavelength, in addition
to the absorption and scattering of the incident light, a local electric field enhancement occurs [5].
The local field on the metal surface increases to a maximum when the wavelength of the
incident radiation coincides with the LSPR frequency of the nanoparticle. Also, there would be a
higher maximum field enhancement for metal nanoparticles that have low symmetries [18]. Thus,
the local electromagnetic fields which represents the signals of plasmon enhanced spectroscopy,
including SERS, fluorescence, etc. [19] depend on the shape and size of metal nanoparticles. The
fluorescence of dye molecules can be enhanced when the molecule is placed very close to metallic
nanoparticles [20].
Similarly, the Raman cross sections of molecules can be enhanced by many order of
magnitudes when the molecules are coupled to the metal surface [21]. All these phenomena are
related to the electromagnetic enhancement of the optical field at the surface of nanoparticles [22].
Therefore, gold nanoparticles of asymmetric shapes can focus light at nanometer length scale and
are beneficial for applications that need subwavelength resolution an application of light.
1.1.5 Nanoparticles and surface-enhanced Raman spectroscopy
The discovery of surface-enhanced Raman spectroscopy effect (SERS) [23] made researchers
interested in metal nanoparticle optics and physics. Also, the connection between electromagnetic
enhancement and plasmon resonance process [24] urged scientists to conduct a large number of
5

experimental and theoretical investigations of gold nanoparticles [25]. The researchers were
primarily interested in the SERS effect and had done a lot of studies during 1970s and 1980s and
their work had the most important influence on the fundamental linear optical properties of metal
nanoparticles [26].
The enhancement of the electric field that is provided by the surface plasmon resonance
increases the intensity of Raman signal. When the incident light impinges the surface, localized
surface plasmon get excited and the field enhancement is maximum when the plasmon frequency
is in resonance with the radiation. The condition for scattering to occur is the plasmon should
oscillate normal to the surface and the nanoparticles are the best materials to provide this favorable
surface area which these localized collective oscillations can occur [27]. The field enhancement
occurs twice in the SERS effect.
At the first the absorption enhancement magnifies the intensity of the incident light and the
Raman scattering will increase due to the excited Raman modes of the molecule. In the next step
the Raman scattered signal is magnified by the surface and that creates greater increase in the total
output. Knowing that visible and near-infrared radiation can be used to excite Raman modes, silver
and gold are very good candidates for SERS experiments because their plasmon resonance
frequencies fall in these wavelength ranges. Multi-spiked gold nanoparticles (or nanostars) are
good candidates for the tuning of plasmon resonances through the visible to near infrared spectral
regions. The tuning is very important for biological applications [9]. Mode splitting of coupled
plasmons has been investigated by Kreibig et al.[5].
Through the calculations by Nordlander and his coworkers [28], the center of the gold
nanostars plays the role of a nanoscale antenna, and enhances the excitation cross section as well
as the local electromagnetic fields of the tips. These multi-spiked nanoparticles have several
6

applications specially, for SERS [29]–[32] and due to the sharp tips and edges of the nanoparticles,
they show extraordinary high sensitivity in the case of local changes in the surrounding dielectric
environment [33], [34].
1.2 Light confinement (localization of light)
Since the beginning of the scientific inquiry the nature of light has played a very important
role in our understanding of the physical world. Physicists have considered the dual nature of light
as both particle and wave and used the remarkable coherent properties of light by using lasers and
the quantum mechanics of the interaction of photons with matter as the basics for new researches.
Also, it is difficult to store the light in a small volume for a long time. At the microscopic level,
ordinary matter exhibits behavior similar to light waves. Electrons in a crystalline solid produce
electrical conductivity by a constructive interference of various scattering paths.
The wave nature of the electrons give rise to allowed energy bands and forbidden gaps for the
motion in the solid. The existence of disorder in the crystal hampers electrical conductivity and for
some energies the electronic wave functions are localized in space. This interesting phenomenon,
first discussed by Philip W. Anderson in 1985. This phenomena arises from wave interference, an
effect common to both photons and electrons. In recent years, physicists are asking whether
scattering and interference can give rise to a similar localization of light in an appropriate dielectric
microstructure and semiconductors. Light localization is an effect that arises from coherent
multiple scattering and interference. Semiconductor cavities, which trap light efficiently, are an
essential component of many important optical devices and effects, from optical processing to
quantum light sources.
Having high speed semiconductor devices and components depends on reduction of their size
and combining them into external devices. One of the main problems with these semiconductor
7

devices is their bandwidth limitation that hinders further advances in the case of modern science
and technology. One of the most effective solutions is replacing the electrons as data carriers with
light. Dielectric medium is an option for this purpose. Diffraction limit of light is a very serious
problem in using dielectric media instead of semiconductor devices, which causes the localization
of electromagnetic waves into nanoscale regions much smaller than the wavelength of light in the
material [35].
Dielectric waveguides confine the light in a high index area using internal reflection. The light
is guided in a long distance with a minimum loss and the only problem for these waveguides is the
light confinement is limited by diffraction. On the contrary, plasmonic waveguides, confine the
light close to the metal surface using surface plasmon and they can achieve the localization of
electromagnetic energy into nanoscale regions as small as few nanometers. Metal interfaces are
well known examples and they guide surface plasmon modes which are electromagnetic waves
coupled to collective oscillations of electrons in the metal. The ability of plasmonic waveguides to
confine the light is not limited by diffraction [36] and they can easily confine light in a very small
volume. One of the disadvantages of these plasmonic waveguides is the presence of metal as the
guiding structure that causes dramatic propagation loss in the system.
1.2.1 Optical nanocavity structures
Optical nanocavities with small mode volume V eff and high quality factor Q can dramatically
increase light matter interaction and have a wide range of applications including nanocavity lasers,
cavity quantum electrodynamics, single-molecule spectroscopy, etc. Planar photonic crystal
cavities can increase the quality factor by the factor of 106 , and the mode volume

V eff

that is on

the order of a cubic wavelength. Also, It was shown that by introducing an air slot into the photonic
crystal (PC) cavity, it is possible to achieve the electromagnetic (EM) mode with small V eff on the
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order of 0.01  3 [37], where  is the free space wavelength. In a regular PC cavity design, the



minimum cavity mode volume is given by a half-wavelength disorder, or v eff  2 

 [38].
3

2n

Nanophotonic resonators are nanometer-scale structures that can be used to trap light and they are
called nanocavities.
Concentrating light into a small volume increases the strength of light matter interactions, and
can affect the system to enhance the spontaneous emission. There are two different cavities, the
dielectric optical cavities and plasmonic cavities. Cavities can be created using photonic crystals
or nanowires and they considered as the main component of lasers to amplify the light source in a
process which is called amplified spontaneous emission. Optical resonators offer higher light
energy confinement than regular cavities which provide stronger light matter interactions and
higher quality factor for the resonator[39]. Optical nanocavities are important components for
photonic devices in various applications, such as cavity quantum electrodynamics[40], [41],
enhancement and suppression of spontaneous emission[42], [43], single molecule sensing[44],
photonic devices in optical communications such as sources[40], [45]–[47], and filters[48]. The
mode volume V eff and quality factor Q are two parameters that can be used to investigate optical

  (r )E (r ) d
2

nanocavities. The mode volume is defined as V eff 

3

r
2

max( (r ) E (r ) )

, where 𝜖(𝑟) and E (r ) are

the dielectric permittivity and electric field.
Also the quality factor Q is defined as Q

 r / 

, where r and  are the resonance

frequency and full-width at half maximum (FWHM). The parameters effective volume V eff and
quality factor Q , show the degree of the spatial and spectral light confinement in the optical cavity.
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The Purcell factor FP  3 2   
4  n 

3

 Q 

 represents essential guideline to control the light
V
 eff 

emission efficiency. In order to approach high efficiency of spontaneous emission the scattering

scatt   scatt /  phys needs to be considered. The

efficiency,

scatt is capability of a plasmonic

structure to scatter light,  scatt and  phys are the scattering cross section and the physical cross
section, respectively. The optimization of the nanocavity parameters Purcell factor FP , quality
factor Q , effective volumeV eff , and scattering efficiency scatt will cause to design better cavities
for more efficient photonic devices, switches and detectors in the case of sensing, photonic circuits,
and telecommunications.
There are different types of optical cavities and they are widely used due to their optical
confinement. Dielectric optical cavities with quality factor Q up to 109 work well in spectrally
confining the optical field [49]. Despite the good quality factor Q and due to the diffraction limit,
they can hardly maintain deep sub-wavelength spatial confinement, and effective volumeV eff is



below 102 

[37]. In contrast, plasmonic cavities have a better spatial confinement and the
2n 
3



effective volumeV eff is below 103 

[50], [51]. Thus, despite the weak spectral confinement
2n 
3

(low quality factor Q ), plasmonic cavities represent large enhancement over spontaneous emission
rates, nonlinear optical responses, and strong coupling[52]–[55]. Plasmonic nanocavities, such as
bowties[56], dimers[57] and film coupled nanoparticles[58]–[60], have brought a lot of attention
in recent years due to the large field enhancements, broad resonances, room temperature operation
and they can be made using colloidal synthesis. The quality factor Q for plasmonic nanocavities
is around 10-30. Plasmonic nanocavities support strong field enhancements and a strongly
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modified photonic density of states. Therefore, they are suitable to control the spontaneous
emission rate of quantum emitters and the other light-matter interactions at the nanoscale[56],
[61]–[65]. Typical disadvantages of plasmonics are losses due to non-radiative decay in the metals
and limited control over the direction of the emission.
1.2.2 Dark field scattering spectroscopy
Dark-field microscopy is a widely used tool for measuring the optical resonance of plasmonic
nanostructures. It helps eliminate the reflected beam from the sample and therefore enable to image
nanoscale objects. In a dark-field microscopy configuration, a sample is illuminated at oblique
angles and an objective lens collects light scattered by the sample. Thus, the region around the
sample where there is no specimen to scatter the beam is dark. The incident light that illuminates
the sample, will not be collected by the objective lens and therefore, will not be part of the image.
In this research study, we have used dark-field microscopy instead of bright-field microscopy. One
of the problems with the setup to study single particle scattering spectra is that the particle appears
in a dark field of scattered light from the sample can easily mask the plasmon resonance.
In order to investigate the light from the particle alone, a dark-field objective lens is needed
to focus the white light source into a ring, which can be scattered onto the particle by the periphery
of the objective. This eliminates direct reflected light, allows for dark-field microscopy. Fig. 1
shows the bright-field and dark-field microscopies. The difference in illumination is emphasized
in the diagram. Dark-field utilizes a dark-field stop placed in the system. This stop blocks the
center of the beam of light to produce a hollow cone of light. This light does not directly enter the
objective lens. In contrast, a solid cone of light illuminates and enters the objective lens in brightfield configuration. Only light that is scattered by the sample and enters the objective lens is seen
as image in dark-field.
11

Figure 1: Essential components of the bright-field and dark-field microscopies
Fig. 2 exhibits the particles and their background under dark-field and bright-field
microscopies. As it shows in the pictures that has been taken with bright-field microscopy has a
bright background and as long as the aim of this research is studying the Au nanoparticles (Au
nanostars, Au nanorods, and Au nanocubes), the bright-field microscopy is not a proper way to
study the scattering intensity spectra for these Au nanoparticles because scattered light from the
bright background would have a strong effect on the scattering spectra of the particles. These Au
nanoparticles are clearly visible under a typical dark-field microscope and despite the ultrasmall
mode volume, allowing easy identification and measurement of single nanoparticles. This work
provides dark-field scattering microscopy as an approach to confine plasmonic optical modes in
small volume by using film-coupled nanostar resonators.
This can occur by depositing Au nanostars on top of a Au film, separated by a thin (5nm)
polyelectrolyte (PE) layer. Due to the strongly confined electromagnetic fields between the Au
nanostar’s tips and the Au film, these nanostars can be used for highly enhanced spontaneous
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emission and they can strongly confine light at a sub-10 nm volume. Furthermore, studying the
scattering intensity spectra of Au nanostars, Au nanorods, and Au nanocubes on the both Au film
and glass substrate are included later in this work.

Figure 2: Bright-field image versus dark-field image of nanocubes.
1.3 Spectroscopy of single nanoparticles
The optical properties of metal nanoparticles have been the subject of intensive research
efforts because of their applications in research areas such as surface-enhanced spectroscopies,
second harmonic generation, and chemical or biological sensing. Recent innovative methods in
lithographic techniques have made it possible to synthesize a wide range of particle sizes and
geometries, which depict abundant number of different optical responses. These responses, though
spectroscopically diverse, are because of a single phenomenon called the localized surface
plasmon resonance (LSPR), which is a consequence of collective oscillations of a nanoparticle’s
conduction band electrons. Some of the recent attention concerning metal nanoparticles has been
connected with their use as small volume ultrasensitive sensors[66]–[68].
To study nanoparticle’s LSPR spectrum, it is needed to immobilize the nanoparticles on a
substrate, particularly if one is interested in working with single nanoparticles. Many studies have
been done to explore single nanoparticle spectroscopy. Leif J et al. [69] investigated the influence
13

of a dielectric substrate on the LSPR spectrum of a nonspherical silver nanoparticle, specifically a
nanocube, and showed how the nanocube’s LSPR spectrum is uniquely altered by the presence of
such a substrate. In contrast to the other works, their study involves measurements on single
particles using dark-field microscopy, rather than an ensemble, thereby removing the effect of
averaging and enabling the authors to observe more details of the effects of substrate interactions.
C. Sonnichsen et al. [70] have done dark-field scattering spectroscopy on single Au nanorods. In
their study individual nanoparticles can clearly be distinguished.
Each bright spot corresponds to light scattered by an individual nanorod. For spectral
investigations, the scattered light from single particles is focused with the microscope onto the
entrance slit of a spectrometer coupled to a sensitive cooled CCD camera [71]. Like the other
previous studies, dark-field spectroscopic technique allows us to record spectra with very little
background light. C. Hrelescue et al. [30] reported the detection of raman scattering from single
star-shaped Au nanoparticles (nanostars) coated with self-assembled monolayers (SAMs) of 4mercaptobenzoic acid (MBA). Raman scattering is observed from single particles without the
formation of hotspots via aggregated nanostars or ensembles of isolated nanostars in solution [29],
[72]. In our study all the nanoparticles deposited on the Au film and glass substrates with a thin 5
nm polyelectrolyte (PE) layer.
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Figure 3: (a) CCD image of the nanoparticles. (b) Single particle after using a pinhole in the
optical setup.
Fig. 3(a) shows the images of nanoparticles on the Au film and it is very clear that the particles
are well separated. Fig. 3(b) exhibits individual single nanoparticle that is captured using a pinhole
in the setup. The pinhole blocks the light to pass from all over the sample except an individual
particle. Therefore, the spectrometer and CCD camera would take only the spectra of that
individual particle.
1.4 Film-coupled Au nanoparticle resonators
1.4.1 Film-coupled nanostar resonators
The sample structure of this present study consists of colloidal synthesized iron oxide-gold
core-shell nanostars with an approximate size of 75 nm placed over a Au film (50 nm thick,
fabricated by electron beam evaporation method). The magnetic iron oxide core was about 35 nm
and the Au shell layer was 40 nm. The iron oxide-gold core-shell nanostar’s original purpose was
to make use of its dual-functionality, namely magnetic and plasmonic properties, for biomedical
applications[73]. However, for this particular work the iron core’s role was to serve as a catalyst
for the nanostar growth and its influence on the plasmon resonances of the Au nanostar is
negligible. The core-shell Au nanostar and the Au film were separated by a 5 nm polymer spacer
layer sandwiched in between Fig. 4(a) The polymer spacer layer was formed by alternative dip
15

coating

with polyelectrolytes

(PE)[74].

Specifically,

five

alternating

positive

PAH

(poly(allylamine) hydrochloride) and negative PSS (polystyrenesulfonate) layers (1 nm each) were
used.

Figure 4: (a) Schematic of the proposed ultrasmall mode volume plasmonic film-coupled
nanostar resonator: A nanostar with sub-10 nm tips situated on top of a Au film, separated by a
very thin 5 nm polymer dielectric layer. (b) TEM image of typical nanostars. Scale bar is 50 nm.
The thickness of the spacer layer may affect the resonant wavelength and the amplitude of the
scattered light intensity of the coupled nanostar-film resonator, depending on the incident angle of
the illuminated light[75]. The spikes (or tips) of the Au nanostars were estimated, via Transmission
Electron Microscopy (TEM) image Fig. 4(b), to be less than 10 nm. Indeed, the small tips of the
nanostar permit the formation of extremely tiny nanoscale hot spots. The deposition technique of
nanostars on a Au film was described elsewhere[74] and the surface coverage of nanostars was
less than 5% Fig. 5. The individual bright scattering dots shown in Fig. 5(a) and 5(b) are from
individual nanostars.It is clear that the nanostars on Au film in Fig. 5(a) are much brighter than the
same nanostars on a glass substrate Fig. 5(b). This means that the nanostars have coupled to with
the underneath Au film and resulted in a strong plasmonic resonance response.
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Figure 5: Dark-field scattering color images showing individual nanostars (a) Dark-field image
of nanostars on a Au film and (b) on glass substrate.Both (a) and (b) are plotted by using the
same brightness scale.
1.4.2 Film-coupled nanorod resonators
According to the theory of light scattering, the scattering cross-section depends on a
nanoparticle’s radius [76] and the scattering of nanoparticles with diameters of 30 nm or less is
very challenging to be distinguished from the scattering of surroundings [77]. The diameter of
colloidal synthesized Au nanorods is usually in the range of 10 to 30 nm [77]. Dark-field
measurements is a good approach to directly study the optical properties of single Au nanorods.
Fig. 6(a) shows TEM (transmission electron microscopy) image of the nanorods and Fig. 6(b)
is the image of nanorods dispersed on the Au film. Due to the small size of the Au nanorods, they
are not clear in the color image.
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Figure 6: (a) TEM image of Au nanorods. (b) Dark-field image of Au nanorods on the Au film.
1.4.3 Film-coupled nanocube resonators
Experimental scattering measurements are performed on individual colloidal synthesized
nanocube structures using dark-field spectroscopy. Incoherent white light illumination directed
toward the sample and the nanocubes with an approximate size of 100 nm placed over a Au film
(50nm thick, fabricated by electron beam evaporation method). The distance between nanocubes
and the Au film can be controlled with 1 nm resolution by using multiple layers of polyelectrolyte
spacer layers. Due to the aggregation of the nanocubes in the solution, it is not possible to catch a
single particle and measure the scattering intensity spectra for that particle. Thus, the solution
needs to be diluted using centrifuge by a factor of 1/10. Fig. 7 depicts the SEM (scanning electron
microscopy) image nanocubes from a solution that is diluted by the factor of 1/10 and then
dispersed on a Au film. The nanocubes are well separated and that is ideal for single particle
spectroscopic study.
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Figure 7: SEM image of nanocubes

Figure 8: (a) Ag nanocubes on a Au film. (b) Ag nanocubes on a glass substrate.
The colors of the nanocubes are significantly different on various substrates. In Fig. 8(a) the
nanocubes are deposited on the Au film and their color is mostly red and orange. Fig. 8(b) shows
the nanocubes on the glass substrate and they are colored mostly green and yellow.
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2. EXPERIMENTAL PROCEDURE
2.1 Gold film
Before making a gold film, take one or two clean glass slides and cut it to several pieces as
shown in Fig. 9. Keep the glass pieces with tweezers and try to get rid of the glass fragments by
blowing the nitrogen gas on the glass substrate. Put the heater inside the fume hood and preheat
the heater to 150 C. 200 nm gold-coated silicon wafer is needed to make a gold film. Cut half of
the gold-coated silicon wafer and using a pipet put a droplet of the Epotek epoxy on its surface.
Place the glass chips on each droplet of epoxy. Make sure there is enough space between two
glass chips in order to remove the chips easily when it is needed. After putting all the chips on the
gold-coated silicon wafer, place the whole wafer on the heater and wait for one hour for the glass
chips to stick to the gold-coated wafer as shown in Fig. 10. Caution: do not touch the wafer when
it is on the heater. The smoke comes out of the wafer is toxic, do not smell the or breath close to
the heater. After one hour turn the heater off and let it cool down. Take the wafer off the heater
with tweezers and using a blade try to remove one of the glass chips. The gold has been stripped
off the wafer and it is now stick to the glass chip as shown in Fig. 11.
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Figure 9: Clean glass pieces for Au film preparation.

Figure 10: Au film chips the heater inside the fume hood.
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Figure 11: Prepared Au film can be used for deposition of PE layers and Au nanoparticle
2.2 Preparation of reagents
Before layer-by-layer deposition it is needed to prepare the three different solutions. Put three
same graded glass bottles on the table. Pour 500 ml deionized (DI) water to each bottle. Add 29 g
of NaCl powder to each glass bottle and shake them well to dissolve the NaCl in the water. Choose
one of the bottles as the sodium chloride (NaCl) solution. For the polystyrene sulfonate (PSS)
solution, add 1.5 ml of the PSS stock solution by using a pipette. For the poly (allylamine)
hydrochloride (PAH) solution, add 132 mg of PAH to the third bottle and shake it well. The final
solutions are displayed in Fig. 12.

Figure 12: Left to right, PAH, NaCl, and PSS solution.
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2.3 Deposition of PE layer
Au chips that are fabricated in the previous step are slightly negatively charged and for layerby-layer deposition of PAH and PSS layer, the layer which is positively charged (PAH) has to go
on the Au film before PSS layer that is slightly negatively charged. Considering three petri dishes,
pour from each bottle into them and name them as PAH, NaCl, and PSS as shown in Fig. 13. First,
deposit a PAH layer by immersing the gold film that is fabricated above, into the PAH solution
for 5 minutes. This creates a PAH layer on top of the Au film with thickness of around 1 nm. After
5 minutes, rinse the Au film with 1 nm PAH layer by clean DI water.

Figure 13: PAH, NaCl, and PSS solution in the petri dishes.
Immerse the Au film with 1nm PAH layer into a NaCl solution for 1 minute and move the
sample to PSS solution and keep it there for 5 minutes. After 5 minutes, rinse the Au gold film
with 2 nm PAH and PSS layer with DI water and immerse it in NaCl solution for 1 minute. Move
the sample with 2 nm PAH and PSS layer into the PAH layer and keep it there for 5 minutes. After
5 minutes rinse the Au film with 3nm PAH, PSS, and PAH layer with DI water and move it to the
NaCl solution. Keep the sample in the NaCl solution for 1 minute and move it to the PSS solution.
Immerse the Au film in PSS solution for 5 minutes. That creates another 1 nm of PSS layer on the
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Au film. Rinse the Au film with 4 nm layers of PAH, PSS, PAH, and PSS with DI water and move
it to the NaCl solution. Keep the sample in NaCl solution for 1 minute and for the last step immerse
the Au film into the PAH layer. Keep the sample for 5 minutes inside the PAH solution. At the
end 5 nm layers of PAH, PSS, PAH, PSS, PAH have been deposited on the Au film. Rinse it with
clean DI water and blow the nitrogen gas on the sample to dry it.
Keep the Au film with PE layers in a clean petri dish. Note: deposition of PE layers is the
same for all the experiments that have been done in this thesis. For studying the scattering intensity
spectra of gold nanoparticles on the glass substrate, deposition of PE layers is needed. Also, the
total thickness of the five PE layers was previously measured in air using a spectroscopic
ellipsometer at incidence angle of 65 , 70 , and 75 , yielding a thickness of 5.0  0.1 nm.
2.4.1 Deposition of nanostars on Au film
Using a micropipette put a drop of 10  l of diluted iron oxide core shell nanostar solution in
contact with the cover slip for 5 minutes as shown in Fig. 14.This causes the Au nanostars to be
immobilized on the top terminal PAH layer because the nanostars are negatively charged and the
top PAH layer is positively charged. After 5 minutes, rinse the sample with clean DI water and dry
with nitrogen gas.
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Figure 14: Deposition of nanostars on the Au film.
2.4.2 Deposition of nanorods on Au film
Deposition of nanorods on Au film is exactly the same as deposition of nanostars on Au film
and the only difference would be because the size of the nanorods are small compare to nanostars,
it is hard to deposit them on the Au film. Before deposition it is better to centrifuge the nanorod
solution to create a denser concentration and deposit on the Au film.
2.4.3 Deposition of nanocubes on Au film
Optical study of the individual nanocube starts by diluting the nanocube stock solution by a
factor of 1/10 using DI water. Use a micropipette to place a drop of 20  l of diluted nanocube
solution on to a clean cover slip. Place the sample in contact with the cover slip for 2 minutes. This
allows Au nanocubes to be immobilized on the top last PAH layer because the nanocubes in the
experiment are negatively charged and the top PAH layer is positively charged. After 2 minutes,
rinse the sample with DI water and dry with clean nitrogen gas.
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2.5 Optical measurements
To measure the scattering intensity spectra of Au nanoparticles an optical dark-field
microscope is needed. The incident light goes through a dark-field objective to illuminate the Au
nanoparticles and the scattered light from the nanoparticles is measured by the same objective. To
study the scattering intensity of a single nanoparticle, the scattered light from the objective passes
through a pinhole aperture with 50  m diameter on an image surface to choose signal from a single
nanoparticle. Also, a charged couple device (CCD) camera (Horiba Jobin-Yvon Synapse) is used
to detect signal from the nanoparticles after it is dispersed by spectrometer. The colored images of
the Au nanoparticles are taken by a digital camera. Fig. 15 is a schematic of experimental setup.
Optical measurements for all the Au nanoparticles in this research thesis is the same and the only
thing that is changed are the samples. In the first step, identify single nanoparticles on the sample
that was made in previous steps by illuminating white light through the objective in the
microscope. The color and brightness of the nanoparticles are different, depends on the substrate
that is used to deposit the nanoparticles and different types of the Au nanoparticles (nanostars,
nanorods, and nanocubes). For the first step, place the sample under the microscope. The sample
is illuminated by a white light source through a 100X Nikon objective lens operating in the darkfield mode. Close the pinhole aperture and take a spectrum with a 1 second integration time without
any input signal. This spectrum serves as the CCD dark counts.
Replace the sample with a white light reflectance piece. Acquire the spectrum of the scattered
light with a 1 second integration time using a spectrometer (Horiba Jobin-Yvon iHR550). The
purpose in this step is to normalize the signal from the nanoparticle. Move the objective lens of
the microscope to the region there is no nanoparticle and take another spectrum with a 5 second
integration time. This spectrum is related to the intensity of the scattered light from background.
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In the last step, adjust a single nanoparticle to the pinhole aperture by using a translation stage and
try not to lose the particle after the pinhole aperture. For a single particle measurements, it is
needed to identify and isolate the individual Au nanoparticle by a set of lenses and pinholes and
illuminate the sample with a white light source through a 100X Nikon objective lens operating in
a dark-field mode. Make sure to visualize the particle on the computer screen. Acquire the
spectrum of the scattered light from the nanoparticle using the spectrometer and a CCD camera
with a 5 second integration time. The size of the aperture area is around 50  m and it is much
bigger than the size of the nanoparticle which is around 70 nm, therefore, scattering intensity
spectrum would be the scattered light from the nanoparticle itself and the surrounded area of that
nanoparticle. The final scattering spectrum of a single nanoparticle can be found using the
following formula, Scattering 

I NS  I SS
where
IW L  I dark

I NS , I SS , IW L ,

and

I dark

are the light intensities

measured from the Au nanoparticle, substrate, white light standard reflection piece, and the CCD
dark counts, respectively.

Figure 15: Schematic of the optical setup for single particle scattering spectroscopy.
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2.6 TE and TM mode measurements
Polarization dependent measurements of individual nanostars on Au film has been done for
two different single peaks and two peaks nanostars. In this study the TE( transverse electric) and
TM(transverse magnetic) polarized light are perpendicular to each other and the polarization
degree can be defined as P 

I TM

I TE  I TM
, where
I TE  I TM

ITE

is the scattering intensity for TE mode and

is the scattering intensity for TM mode. Using a rotatable linear polarizer in the optical setup

or by placing the polarizer in the microscope slider, TE and TM signals can be achieved. For this
aim the target nanostar is illuminated at different angle 15
polarization.
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, 30 , 45 , 90

for both TE and TM

3. RESULTS AND DISSCUTION
The main goal of this work is investigating film-coupled Au nanoparticle resonator systems
that offers sub-wavelength mode volume. For a film-coupled nanostar resonator system the sub10 nm mode volume can be achieved. In this study an alternative approach is used to confine
plasmonic optical modes in ultrasmall volumes by using film-coupled Au nanoparticle resonators.
The same dark-field scattering measurement has been used to study the confined light in extreme
subwavelength scale of nanostars, nanocubes, and nanorods.
3.1 Discussion of the technique
The results would be divided to three different parts, including investigating the scattering
intensity spectra for Au nanorods on two different Au film and Glass substrates. The next part will
discuss the single particle scattering intensity spectra for the Au nanorods on the Au film. Due to
the small size of the nanorods, it is not possible to apply the dark-field measurement for Au
nanorods on the glass substrate. In this case the Au nanorods are very dim and it is very challenging
to catch single particle through the pinhole and scattering do not work well for these particles on
the glass substrate. On the contrary, if a Au film is used as a background, Au nanords scatter the
incident light in an effective way. In the last part of the results in this work, the scattering intensity
spectra of nanocubes will be provided. The nanocubes can be clearly observed on the both Au film
and glass substrate and allowing the study of single particles.
3.2 Dark-field measurements for Au nanostars
In this set of optical measurements, the orientation of the nanostars is random and the angle
of the incident light is varying for different nanoparticles. Due to the various illumination angle,
the thickness of the polyelectrolyte layer was kept fixed and it is 5 nm. The point that needs to be
considered in this work is making sure the particles are not aggregated in a specific spot. Also, it
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is very important to avoid the Au nanorods to get clustered as long as the main aim of this study
is the single particle spectroscopy. Figs. 5(a) and 5(b) show the Au nanostars on both the Au film
and the glass substrate. The pictures are taken by a color camera that has 255 pixel depth for each
color (red, green, and blue) and is only sensitive in the visible frequency range. Another CCD
camera is also used to capture the true image intensity from near UV to near IR (400-1050).

Figure 16: SEM Image of the nanostars on a Au film substrate showing individual nanostars.
(Scale bar is 1 m ).
Fig. 16 shows the scanning electron microscop (SEM) image of nanostars on a Au film.
Although the tips of the nanostars are not clear in the SEM image, it is very clear that the nanostars
are not aggregated and they are well separated. Also, due to the charging issue and the lack of a
Au mirror film, it is not possible to capture the SEM image for the nanostars on the glass substrate.
However, it is expected that the nanostars on the glass substrate are distributed the as the nanostars
on the Au film and they do not form cluster. Coupled Au nanostars and Au film support plasmon
resonances in tiny gaps, less than 10 nm, which enhance the light intensity trapped within single
nanostar tips as shown Figs. 17. There is many nanostars with the same plasmon resonance point.
Fig 17(a) shows the scattering intensity spectra versus wavelength for two nanostars on a Au film
which they have one peak at the wavelength 640 nm and Fig 17(b) provides the scattering intensity
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spectra versus wavelength for three nanostars on a Au film which they have two peaks at the
wavelength 640 nm and 750 nm. Also, Au nanostars and glass substrate supports plasmon
resonances as shown in Figs. 17(c) and 17(d).

Figure 17: Measured single peak and two peaks scattering intensity spectra of individual
nanostars (a)-(b) on the Au film. (c)-(d) on the glass substrate.
Fig. 18 shows the scattering spectra for individual nanostars on a Au film (Figs. 18(a) and
18(b)) and on a glass substrate (Figs. 18(c) and 18(d)). Due to the fact that the deposited nanostars
on a surface were randomly distributed, the localized surface plasmon resonances will strongly
depend on how an individual nanostar is oriented on the surface[14], [28], [78]. As shown in Fig.
18, our measurements indicate that the resonant spectra of individual nanostars can be categorized
into two main groups, those with single (Figs. 18(a) and 18(c)) and double (Figs. 18(b) and 18(d))
resonant peaks. For each sample, i.e. on glass or on Au film substrate, we have measured more
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than one hundred individual particles to draw this conclusion. During several occasions, we also
observed resonant spectra with multiple (more than two) plasmon resonances. Previous studies
[14], [28], [30] have also observed similar resonant features for the case of nanostars in air.
However, in contrast to these previous works, our case has the existence of the Au film in
close proximity to the tips of the nanostars, which helps to drastically enhance the mode
confinement at the bottom tips. It is also noticed that for the nanostars on a Au film the spectral
full width at half maximum (FWHM) of the plasmon resonances was narrower compared with the
FWHM for the nanostars on a glass substrate. Specifically, for the nanostars on a Au film with a
single resonant peak the average of measured FWHMs was 35.7 nm while for the nanostars on a
glass substrate the averaged FWHMs was 55 nm. For the nanostars on a Au film that exhibited
double resonant peaks the average of measured FWHMs were 32.5 nm and 32.0 nm for the lower
and longer wavelength resonant peaks, respectively. On a glass substrate, these values were 48 nm
and 47 nm for the lower and longer wavelength resonant peaks, respectively. As we have
mentioned above the spectral characteristics of an individual nanostar resonator may vary
depending on the orientation of the nanoparticle and the illumination condition. Nevertheless, our
statistical data indicates a strong light confinement by the nanostars on the Au film. Furthermore,
the spectral characteristics of the film-coupled Au nanostars presented in our current work are
different compared to other film-coupled nanoparticle resonators, such as nanospheres[79] and
nanocubes[80], [81], where only a single peak was observed. As we will be discussing below, the
appearance of a single peak or double peaks in the resonant spectrum is closely related to the
geometry of the nanostar’s contacts with the substrate. The results presented in Figs. 18(a) and
18(c) may indicate that the measured spectra were from nanostars with poorly formed tips[14].
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However, in such a situation one would expect an unpolarized resonant spectrum for a given
particle due to its less asymmetrical shape. This is not always the case in our observations.

Figure 18: (a)-(b) Measured scattering spectra from individual nanostars on a Au film. Each
panel represents a different group of particle configuration. (c)-(d) Similar measurements but for
nanostars on a glass substrate.
In Fig. 19 we show the polarization dependent measurements of individual nanostars on Au
film for two different cases: single and double peaks. In the case of the single peak, the TE and
TM polarized components resulted in a degree of polarization of 𝑃 = 28.7%. Here, TE and TM
polarized waves were chosen to be perpendicular to each other and the polarization degree was
defined as 𝑃 =

|𝐼𝑇𝐸 −𝐼𝑇𝑀 |
𝐼𝑇𝐸 +𝐼𝑇𝑀

, where 𝐼𝑇𝐸 and 𝐼𝑇𝑀 are the scattering intensities for TE and TM signal,

respectively. For the two-peak resonance case, the degrees of polarization were 𝑃 = 61% and 𝑃 =
86% for the 687 nm and 758 nm resonant peak, respectively. Previous studies by Hrelescu [30],
Hao [28], and Nehl [14] have also observed a similar polarization behavior in the individual
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nanostar’s scattering spectrum, which was related to the different tip geometries in these
nanoparticles. Thus, these measurements allow us to conclude that the collected signal was from
star-shaped nanoparticles.

Figure 19: Scattering spectra detected for TE and TM polarization components for (a) single
peak and (b) two peaks cases.
The deposited nanostars on a Au substrate can take random positions. In an ideal situation,
one can label the position of a nanostar, measure its scattering spectrum, and then proceed with a
SEM measurement of the same particle [82]. Via this way, one can correlate the geometry of the
film coupled nanostar resonator with the optical property of the same particle. However, our
current measurement capability does not allow us to follow this approach. Therefore, we must turn
our attention to computer simulations. We use the commercial finite-element simulation software
Comsol Multiphysics to model several geometries that would represent possible experimental
scenarios, including asymmetric properties, number of tips that touch the bottom film, and the
polarizations of the scattered light from individual nanostars. Fig. 20 shows the simulated
extinction spectra for nanostars at several different configurations and geometries placed on a Au
film. To obtain the extinction cross section signature of the film-coupled nanostars, we employ the
scattered-field formulation that directly computes the scattered fields by subtracting the analytical
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solution of an incident plane wave in the absence of the nanostars, which is considered to be the
background field.
In order to calculate the extinction cross section (ECS) of the film-coupled nanostars, we
employ the scattered-field formulation that directly computes the scattered fields by subtracting
the analytical solution of an incident plane wave in the absence of the nanostars, which is
considered to be the background field [83]. Perfectly matched layer (PML) boundary condition are
used outside the simulated spherical area to completely truncate the computation domain and
absorb the scattered energy. The dimensions and geometries of the nanostar were predicted from
the actual shapes of the particles taken from the TEM images, as shown in Fig. 4(b). For simplicity,
we first consider a nanostar that has 12 relatively short and equal-length sharp tips branching out
from a central spherical core. However, as observed from the experimental results of the TEM
measurements, the nanostars’ tips were not necessarily uniformly distributed around the bulk of
the particle. In our first initial calculations, we assumed that the 12 tips are uniformly distributed
around the central core resulting in a star-like dodecahedral gold nanocrystal and such nanostar
has only one tip touching the bottom surface. The core diameter is around 75 and the tip length is
about 30 nm. Each tip has corn shape with small apex (~ 3 nm) and 34- 52 corn angle. Fig. 20(a)
shows the polarized (TE and TM) and unpolarized extinction spectra for this specific situation.
The dielectric function of Au used in the simulations was taken from experimental data [84].
A thin 5 nm polymer layer was placed in the nanogap with refractive index n=1.4, which is
identical to the thin polymer layer used in the experiment. We find that the symmetric nanostar
under TE polarization illumination will not exhibit a plasmonic gap mode inside the thin polymer
dielectric layer.
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Figure 20: Simulated extinction spectra for three different geometries as schematically shown in
the top row: (a) A single equal-length tip touches the substrate, (b) one asymmetric tip touches
the substrate, and (c) two asymmetric tips touch the bottom substrate.
The result of this particular simulation matches well with the measurement scattering spectra
presented in Figs. 18(a) and 19(a). The TE and TM polarized waves in the simulation were
perpendicular to each other. After checking the field enhancement distribution for each
polarization illumination, we find that a strong plasmonic gap mode can be excited only under TM
polarization illumination and no gap enhancement exists with TE polarization incidence. In
addition, the used incidence angle for this case is 45, because the symmetric nanostar under
normal illumination will not exhibit a plasmonic gap mode inside the thin (5 nm) polymer
dielectric layer. This has also been demonstrated in reference [75]. However, after we introduce
some asymmetry in the nanostructure, such as elongating either one or two of the asymmetric tips,
a strong gap field enhancement can be achieved for both TE and TM polarization even under
normal incidence illumination. We also study the cases when the nanostar has one and two
asymmetric tips touching the surface under a normal incident illumination. For these scenarios, we
observed two distinct peaks in the resonant spectra, which are indeed polarized differently for TE
and TM illuminations. These later configurations result in an excellent agreement with the
measured data presented in Figs. 18(b) and 19(b).
36

In addition, we also performed the simulation for similar configurations of nanostars on Au
film at different thicknesses of the polymer layer (not shown here). We also note that there is a
small wavelength offset between the computational data and the experimental data shown in Figs.
18 and 19. Indeed, in the experimental data there was quite a broad range of resonant wavelengths
observed due to the fact that the nanostars were randomly distributed as well as different in size.
Therefore, the simulation data shown in Fig. 20 demonstrates the polarization properties of these
film-coupled nanostars, which are indeed in agreement with the experimental data.
TABLE 1. Estimated mode volume V eff of the plasmonic resonance modes for a single nanostar
placed on a Au film corresponding to three different geometries shown in Figs. 20(a)-(c).
Veff (nm3)

(a)

(b)

(c)

TE

2.30x10−5 𝜆3

1.62x10−5 𝜆3

1.05x10−7 𝜆3

TM

2.46x10−6 𝜆3

1.81x10−5 𝜆3

9.75x10−7 𝜆3

We also compute and present in Table 1 the estimated mode volume

V eff

of the plasmonic

resonance modes in the three different geometries shown in Figs. 20(a) - 20(c). The mode volume

  (r )E (r ) d
2

is defined asV eff 

3

r
2

max( (r ) E (r ) )

, where 𝜖 (𝐫) is the material permittivity and the integration

is performed over and around the mode’s bright spot. From the above equation, the mode volume
is characterized as the ratio of total electric energy to the maximum value of the electric energy
density, where the maximum electric energy densities in our system are located around the tiny
gaps formed between the nanostar’s tips and Au film. The results in Table 1 show that a sub-10
nm mode volume can be achieved for both TE and TM polarization illuminations, especially in
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the case of the nanostar geometry with two asymmetric tips touching the bottom substrate (Table
1(c) and Fig. 20(c)).
Compared to the configurations of one tip touching, the maximum electric filed enhancement
is increased in the case of two tips touching. Several previous works have also demonstrated very
small mode volumes for both plasmonic and dielectric platforms. For instance, Huang et al. [85]
have reported a computational work to demonstrate a nanoparticle‐on‐mirror structure that offers
a mode volume below 10−7 𝜆3 Several other experimental works have also demonstrated 10−5 𝜆3
plasmonic mode volume[51], [86]. Our method provides a quick approach to create ultrasmall
mode volume (considering the case of Fig 20(c)) plasmonic nanocavities without need for
complicated electron lithography procedure.

Figure 21: Integrated pixels’ intensity of the CCD images for nanostars on a Au film
(blue) and on a glass substrate (red). Solid curves represent the intensity distributions.
Fig. 21 shows the histogram of the integrated scattering intensity of individual
nanostars for both samples. Each intensity value of an individual nanostar was integrated
over an area of 20x20 pixels of the camera image. It is clear that the intensity from the filmcoupled nanostar resonators is much brighter compared with the nanostars on a glass
38

substrate. In Fig. 21 the number of nanostars on glass substrate is shown by red color and
the number of nanostars on the Au film is shown by blue color. The horizontal axis
represents the integrated pixel intensity and the number of nanostars on the both glass and
Au film that have lower intensity which is in the range of 0 to 2× 106 . In the range of 4×
106 to 5× 106 , there is no nanostar on the glass substrate but there is many nanostars on the
Au film with high intensities. This means the interaction of the Au film and nanostarts plays
an important role here and the intensity of the nanostars increases by depositing them on
the Au film.

Figure 22: Polarization dependence of the resonant modes for an individual Au nanostar
on the Au film (a) Single peak (b) Two peaks
Fig. 22 illustrates polarization dependency of a single nanostar for different polarization
angles. By placing a polarizer in the optical setup in the experiment and changing the polarization
angle there is different resonant peaks for polarization angle, 0

, 45 , 90 ,135 ,

and 180 . Fig.

22(a) depicts two resonant peaks for different polarization angle for a single nanostar on the Au
film. It is clear that by changing the polarization angle from 0 to 90 degree the resonant peaks
can be switched and this can be used for sensing and switching purposes. Fig. 22(b) is related to
the polarization dependency of a single peak nanostar on a Au film and by changing the
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polarization angle from 0 to 180 degree, there is no dramatic change in the wavelength range
or the intensity of the resonant peak. This shows that the double peak nanostars are strongly
polarized and on the other hand the single peak nanostars are less polarization dependence. The
polarization dependence of single peak and double peak nanostars is consistent for different
samples as shown in Fig. 23.

Figure 23: Polarization dependence of the resonant modes for an individual Au nanostar on the
Au film (a) Single peak (b) Two peaks
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3.3 Dark-field measurements for Ag nanocubes

Figure 24: (a)-(b) Measured scattering spectra from individual nanocubes on a Au film and glass
substrate. Each panel represents a different group of particle configuration.
Figs. 24(a) and 24(b) represent the scattering intensity spectra of individual nanocubes on a
Au film and glass substrate. Fig. 24(a) shows the intensity measurement for four different
nanocubes on a Au film. These nanocubes exhibit single resonant peak around 680 nm. Fig. 24(b)
shows the intensity measurements for three different nanocubes on a glass substrate and the
resonant wavelength is around 600 nm. The important point in Figs. 24 is the FWHM for the
resonant peaks on the glass substrate is much broader than the FWHM for nanocubes on the Au
film. Sharper resonant peaks for nanocubes on the Au film indicates the great interaction between
nanocubes and the Au film. On the other hand the broad resonant peaks for the nanocubes on the
glass substrate illustrates the weak interaction between the nanocubes and the glass substrate.

41

Figure 25: Measured double peaks scattering spectra from individual nanocubes on a Au film.
The intensity measurements with two resonant peak nanocubes have also been observed and
shown in Fig 25. This figure shows the intensity of three nanocubes versus wavelength and there
is two resonant peaks for each nanocube. The resonant wavelengths are in 680 nm and 800 nm.
Nanocubes are not polarization dependent due to their symmetric geometry and this is the reason
why there is no measurement for polarization dependency of these metal nanoparticles in this
thesis.
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Figure 26: Integrated pixels’ intensity of the CCD images for nanocubes on a Au film (green)
and on a glass substrate (red). Solid curves represent the intensity distributions.
Fig. 26 shows the histogram of the integrated scattering intensity from individual
nanocubes for both samples, on a Au film and on a glass substrate. Each intensity value of
an individual nanocube was integrated over an area of 20x20 pixels from camera images.
It is clear that the intensity from the film-coupled nanocube resonators is much brighter
compared with the nanocubes on a glass substrate. In Fig. 26 the number of nanocube on
glass substrate is shown by red color and the number of nanocubes on the Au film is shown
by green color. The horizontal axis represents the integrated pixel intensity and the number
of nanocubes on the both glass and Au film that have lower intensity which is in the range
of 0 to 2× 106 are much more than the number of particles that have higher intensities. In
the range of 4× 106 to 8× 106 , there is no nanocube on the glass substrate but many
nanocubes on the Au film with high intensities.This means the interaction of the Au film
and nanocubes plays an important role and the intensity of the nanocubes increases by
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depositing them on the Au film. The scattering spectra from an individual nanocube on a
Au film in Fig. 24(a) is consistent for different nanocubes samples as shown in Fig. 27.
Similarly, the scattering spectra from individual nanocubes on a glass substrate in Fig. 24(b)
is consistent for different nanocubes on the samples as shown in Fig. 28.
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Figure 27: Measured scattering spectra from individual nanocubes on a Au film. Each panel (a-f)
represents a different group of particle configuration.
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Figure 28: Scattering spectra measurements from individual nanocubes on a glass substrate. Each
panel (a-f) represents a different group of particle configuration.
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3.4 Dark-field measurements for Au nanorods

Figure 29: Measured scattering spectra of individual nanorods on the Au film. (a) Single peak.
(b) Double peaks.
Fig. 29 shows the scattering measurements of the nanorods on the Au film. As it is expected
nanorods are showing single and double peak resonance modes. Fig. 29(a) is related to the
scattering intensity spectra of five different individual nanorods on the Au film with a PE spacer
layer. The dielectric spacer layer is necessary to avoid the direct contact between Au nanorods and
Au film which leads to quenching. In Fig. 29(a) the resonant wavelength is almost the same for
all five individual nanorods and it is around 600 nm. Fig. 29(b) illustrates scattering intensity
spectra of three different individual nanorods on the Au film with a dielectric spacer layer.
These three nanorods show two resonance peak. One of the resonance wavelength is around
580 nm and the second one is around 720 nm. In this report there is not any measurement for the
Au nanorods on the glass substrate due to the small size of the Au nanorods and therefore very
limited scattered light. As it is mentioned before the interaction of metal nanoparticles and the Au
film helps the nanoparticles to become brighter on the Au film than they are on the glass substrate.
The size of the Au nanorods is way smaller compare to the size of other metal nanoparticles. In
this thesis report Ag nanocubes are the largest nanoparticles. The single peak scattering spectra
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from individual nanorods on a Au film in Fig. 29(a) are consistent for different nanocubes on the
samples as shown in Fig. 30. Similarly, the double peak scattering spectra from individual
nanorods on a Au film in Fig. 29(b) is consistent for different nanocubes on the samples as shown
in Fig. 31.
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Figure 30: Single peak scattering spectra measurements from individual nanorods on a Au film.
Each panel (a-f) represents a different group of particle configuration.
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Figure 31: Double peak scattering spectra measurements from individual nanorods on a Au film.
Each panel (a-d) represents a different group of particle configuration.
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4. CONCLUSIONS
Film-coupled nanostar resonator system offers extreme sub-wavelength mode
volumes. It is demonstrated that by placing a Au nanostar on a flat Au film, ultrasmall mode
volumes are formed and strong polarized light confinement is achieved in between the
nanostar’s tip and the film region. Simulations have been performed to correlate the
plasmonic resonant features with the geometry of the resonators by considering the
asymmetric shape of the nanostar and how it may orient with respect to the underneath film.
The film-coupled nanostar resonators provide a new approach to achieve strongly polarized
light confinement within sub-10 nm mode volumes, which makes them an ideal platform
for applications requiring enhanced light-matter interactions at low dimensions.
Gold nanorods and silver nanocubes are the other plasmonic nanoparticles studied in
this thesis. It is shown that the Au nanorods are much smaller in size compare to silver
nanocubes and Au nanostars, however they still show resonant modes in their scattering
intensity spectra measurements. Due to their small size it is not possible to measure the
scattering spectra when they are deposited on a glass substrate, however they have strong
resonant peaks on the Au film. Also, silver nanocubes are the brightest metal nanoparticles
compared to Au nanostars and Au nanorods, and they show strong resonant modes when
they are deposited on both Au film and glass substrate.
OUTLOOK
Metal nanoparticles may scatter light and produce diffracted waves when they are arranged in
ordered arrays. Propagation of the diffracted waves in the plane of array will couple the localized
plasmon resonances associated with single nanoparticles together and creates very narrow plasmon
resonance. This phenomenon is called lattice surface plasmon resonance (LSPR). Researchers
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have investigated plasmonic surface lattice resonances and they have achieved a dramatic narrow
of plasmon resonances, down to 1-2 nm in spectral width [87]. This is a great accomplishment
compared to a typical single particle resonance line width of greater than 80 nm. For the future
work the quantum dots (QDs) can be deposited on the metal nanoparticle lattice surface to study
the effect of surface lattice plasmon resonances. Surface lattice plasmon resonances, and related
effects have made this topic a very active and exciting field for fundamental research as well as
promise potential applications for the development of practical devices for communications,
optoelectronics, photovoltaics, data storage or biosensing.
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